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(a) SKIRT REGION (500 x) ‘ ‘20~~m -:

— -~~ 
-

fb) POLAR REG ION (1000 x)

Fi g. L I .  Evidence of Fiber Wetting
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III. E X P E R I M F N 1  A L  FINDINGS

Find ings  ot  the t a i l u r e  anal ysis  suggested the followin g experiment..
The ext reme b r it t l e n e s s  of the  resin s ys t e m  wa s  f e l t  to be responsible

- 
- , t o r  the e x ce s s i v e  c r a c k i n g  in the  hoop ~~iu d u i g s .  and t he  poor adhesion

between f iber  and n i tt  r ix  ~ a ~ thought  t .  resul t  f rom ~ a te  r e i ther  ab sorbed
or adsorbed on t h e -  I’.e½ l.e r i t b er s .  The p r ob l e m  of ex c e s si v e  voids and
poor l a v u p  was f e l t  t o  r e su l t  r u m  poor w i n d i n g  pr oc e d u re s ,  wh ich  would
pr  oh .e h t~ im prove ‘~~ it  h i x  pe r i e f l i .  t-

A .  U L N S LT Y  M } . -\5T R I M  EN 1S

Two ip ~~r u , t  hr  i \‘. e rr  used f o r  hu ck ing  the  res in  c ontent ‘t the
SR \f - 1 prototype case , an . e c t u a l  t ih e  r count of selec ted  c ross  section s of
the c a S e  Sen d A r c h i me d e s  p r i n c ip le. Specimens measur ing  O~~5 ifl w e r e

t a k e n  f rom t h e  r e g i o n s  noted in F i g .  4. T hese specimens w e r e  weighed

both in air  and methanol , f rom which  the i r  densi t ies  were  determined
( T a b l e  I t . A s s u min g  that  no voids are  present  in the specimen , the weig ht
percen t  resin is ca lcu la ted  by notin g that

I ’ ,  I~, ) — I
( 1 )

~ 
1’ r —

w h e r e  x is the  percent res in  by we ight ,  and 
~k ’  ~r ’ and are  the densities

of the  K ev i a r , resin , and composite  respect ively.  Unfor tunatel y,  this tech-
n i que is e x t r e m e l y  sensi t ive  to voids within the composite ; the effect of a
sr - i i a ll percentage  of voids may be approximated by

- 
-

- 
- 

~~~~~ 
) (1

* L•’ ( P k IPr) (2)
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Table 1. Resin Content of S R M - l  Protot ype

- Density .  Resin , Number of Fibers F iber , Resin ,
Reg ion g/cm wt% (Fig. U) vol% wt %

* 1 . 3 5 4  32 1073 P 63  P 33

2 1 .347  35

1.327 43
6 1.327 43 1097 P65 P3 1

7 1.348 3-1

R e s i n  1.200 100
K e v l ar  1.440 0

w h e r e  c is the void f r ac t ion  by volume . If it Is assumed that reg ions 3 and

6. w h i c h  g a v e  the  h ig hest weight percent resin result s , conta in a 2 percent

void , * is 32 p ercent instead of 43 pe rcent ; a 30 percent e r ro r  in resin con-

tent thus resul ts  from a 2 percent  volumetric  void f rac t ion .  The sensitivity

of th i s  techn ique for de t e rmin ing  resin content results from the similarity

in dens i ty  of the f iber  and the resin and the fact that the densities of both are

l a r g e  re la t ive  to the dens i ty  of the void.

The second approach for  determining resin content consisted of carry-

ing  out an actua l f iber  count on polished cross sections taken f rom the skirt

and dome regions  of the S R M - 1  prototype case (Fig. 12) . To obtain a

s t a t i s t i c a l ly mean ingfu l  approximation of the resin fraction , a relatively
l a r g e  (0.01;  ‘ 0. 020 in. ) cross section was measured in a randomly chosen

area  of the case. A total of 1097 of the 0. 0004 7-in . -diameter fibers were

c ounted in the skir t  region and 1073 fibers we re counted In the dome region ;

the dot s evidenced near the center of each fibe r indicates that it was included

in the count. From the se counts , the volume and weight fractions of the

res in  were calcuLated and are reported (Table 1) .

A carefu l  examination of Fig. 12b indicate s that approx imately 40 to

50 f ibers  could be placed in the void regions. This is equivalent to between

20
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(a) D OME REG ION: 1073 FIBERS (200 x)

(b) SKIRT REGION: 1097 FIBERS (200 x)

Fig. 12 . Fiber Count on Polished Cross Sections
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2 and 3 p ercen t  void space , which when substituted into Eq. (2) yields a

good correlat ion between the two techniques. Due to the inhomogeneity of
— 

the comp osite. the actua l fiber count technique y ields the best results , and

the a reas  used here should be considered minimal. Future stud ies should

include counts from man y areas of the case.

B. R ESIN SYSTEM

The resin system used In the IUS 92-In, prototype motor case was

reproduced for these experiments on filament winding resin cure and was

prepared  as fo llows:
Part s by

Component Weight

Epon 828 (epoxy resin ) 65. 0

E R L  4206 (cyclohexine diepoxide ) 35.0

MDA (methy lene dianiline) 39. 5

and was cured by the following schedule :

*6 hr at 140 5 F
1 hr at Z00’F

• 4 hr at 280 F

where  the rate of Increase between each plateau is specified not to exceed

— *0 F/hour .  This resin system (plus one var iation ) wa s used in all subse-

quent experiments.
- 

- 

C. W A T E R  SORPTION

An in spection of the case winding fa cilities revealed that the Kev lar

fibers had a residence time on the order of a minute between the dry box in

which they were stored and the resin bath prior to winding. Since Kevia r

f iber  is known to be hygroscop ic. thermal gr avimetric anal ysis was used to

S

- 

L 
- -

~~~ 
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i n v e s t t g d t e  the  ra te  at which d ry  K eviar  fiber absorbs or adsorbs water.
This  i n s t rumen t  u t i l i z e s  a qua rt z c r y s t a l  microbalance  to m~rnitor  the
w e i g ht of a sp e c i m e n,  usua l ly  as a function of t empera tu re.  In this experi-
meri t th e  tempe ra ture  ~~as held constant , and the weight of Kevlar  was
m o n i t o r e d  with  t i m e  as the K c v l a r  was exposed f i r s t  to vacuum and then to
h u m id  n i t r o g e n  ( the  actua l percentage  of water  in the nitrogen atmos p her e
inj ec ted  i n to  t h e  In st r u m e n t  is not known L The resul ts  shown (Fig .  13)
i n d i c a t e  tha t  d r y  K er l a r  e ry  r ap idly p i cks  up water .  These results served
to r e i n f o r c e  the suspic ion  tha t  w a t e r  mig ht be responsible fo r  the poor
adhesion h s t -r v ed  between f i l t e r  and resin.

D. FlL~\\U-~~~I WIN !) IN ; 
-

W a t e r  appeared t o be chie f l y responsib le  for the poor bonding between
the  r e s in  and m a t r i x ;  ~ .:s hypothesis  w a s  tested b y prepa r in g composite
spec imens .  Kev l .i r v i m  was woun d in t o  Tef lon  spools and cured as

descr ibed  p r e v i o u s ly .  The fo l lowing  specimen s were  made:

a. K e v l a r  y a r n  was wound onto a Teflon spool . v.~c u u i n  dried
at 2 0~fl- f o r  t h r e e  day s , and vacuum impregna t ed  in the
resin bath  f o r  live m i n u t e s .

o . K e v i a r  y a r n  was wound onto a Tellon spool , exposed to
~80 percent  h u m i d i t y  for  t h r e e  day s , and di p impregnated
u r  one minute.

c. K ev l ar  y a r n  f r o m  a d i f f e r e n t  (non-I t ’S ) lot was used to
prepare  a vacuum impregnated specimen as described in
( a )  above.

Afte r the s tandard  cure  cycles ,  the specimens were f rac tured  and
studied usin g the SEM (the Keviar  fiber as received was also studied). In
eve ry  case the Interface was foun d to be indistinguishable I ron i those shown
in Figs.  lb . 2 ,  and l i b , which indicate s that neithe r water nor contaminated
K e v l a r  is responsible for  the poor f iber - res in  adhesion . The possibi l i ty
tha t  a resin component is responsible should be Investigated; there is some
indica t ion  tha t  MDA leads to poor interaction with the pol yaramide fiber.
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Fig. 13. Water  Sorption Character is t ic.
of Keviar
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The excess ive  c r a c k i n g observed in the hoop wraps of the SRM-1

p rotot ype  m ay  result  f r o m  a poor cure  schedule , the inherent  br itt leness of
the M I )A - c u r c d  E pon 828 . or both. The rate of the cur ing reaction at 140 °F
wa s inves t iga ted  usin g a different ia l  scanning c a l o r i m e t e r  (DSC). A samp le
of fresh resin w,-t~ p repared  and p laced into a i r c u l a t i ng  a i r  oven maintained
. t t  14O ’l~. and ~t o r t i o n s ~t the resin  ‘er e  subsequently removed it  in te rva ls

of 0. 1 . .‘ . 4 . $ . and 144 hours  and examined using the DSC.

1 he r es u l t s  ~ : t h t ~~ ~tud v ..r e shown in F ig.  14. If t h e  reaction rate
ot t he  resin  sy s t e m  -it 140 °f w e r e  su t i i ~ i e n t ly  hig h , the exotherm in the
‘ i. i n i t v  of I 70 ’ j - would r a p id ly  dim~n i .h  as the specimens w e r e  held at 140 °F
for  l o n g e r  er i ode  of t ime . - t he t ot a l  a rea  under each exotherni is propo r-

— t i  -~a 1 th e  t t i l  ent  h a l  pv of t ~n- r r .u t ion and i s thu .  a inca  sure  of the extent

— 
- r ~- e r  ent comple t ion)  t h e  cure reaction. For e~~al n 1 le . when a second

scan i s  n -ide o: sp e& m i -n 1 ( sc a n  *b ) . the exothe rm does  not appear , which

i n d i c a t e s  t - -- a t  t h e  •~~e m e n  was f u l l y  .. ur ed d u r i n g  t h e  t i r s t  scan .  The
re s-i~t of - .- a s n r i n g  a ~-e rv  gr . o h i a l  dec rease  in the  ex o t herm  (1- 1g. 24) indi-
c a t e s  that  the  c u r e  react ion is  n~~t u n s t a h l e  .it l 40~ F .  Note that a quantitative
corn?arison of these c u r i - e s r e q u ir e s  that  t ’ l ey  be n o rm a l i z e d  by the speci-

men m as s :  s in  e specimen 3 is ip p r ox i m a t e lv  one—third  the mass of specimen

1, the t ot a l  d i f f e r e n c e  in area under the t w o  cxotherrn i c  peak s is not nearly

as ~~r r a (  as it appears it first glance.

1!- e sca n s  ~r. Fig. 14b “ .ere separated from those of Fig. 14a becaus e
t h e y  ~~r re recorded at a d~ ::i- i - ent  r e co rde r  a t tenua tion  ( 500 0 V / i n .  ~n
F i g .  14a v s 200 . V h t n .  in F i i z . 14b) .  F u r t h e r  reduct ion  of the  data was not

~c t  to he fl c e s s a rv  ~or this  purpose .

Sp e c im e n s  we r e ..lso pr epared .  using the cure  schedule reported
p r e v i o u s l y ,  and ex am ined us in g the DSC . The results indicated that the
c u r e  schedule  was  s u f f i c i e n t  to fu l ly  cure  these laboratory size specimens.
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• I he ni nit a l a r m i n g  r i - s u I t  0! this  st udy  ‘ -is the f a c t  t h a t  the r esin

~~ e- . . - l l i - 1  t i ’  a .•a ~ • b r t t t  i~- sol id in t h r e e  to fo u r days at 70°F. 1 h i s
l e n gt h  ot t u t i e  . uld o r d i n a r i ly  pose no r t ’~~l em , hut t h e  SI~\t — 1  prototype
r i  ui  red seven da v s  t . ’ ‘-‘- . and h i s  p eriod w i l l  pr  ,t , ah l  v not hr s i g n i f i —
c a ’i t h  s~~~- r t t - - t e i l  in  t h e  : ut u r e .  I he  i n t e r i o r  of t h e  rn - tor  case w i l l  thus

~rcorn e q u i t e  ~ i- ik  .i~~ d b r i t t l e  ‘‘ - i h -  t h e  ou te r  ~‘o r t t ’ ’ t  is s t i l t  h i - i n g  woun d .

- \ d d i t i on a l l v  - r i -$~n I i~~ t h a t  n or m . e  1k- o curs during t h e  initial phase of the
c ur e  ~-c  i r  d ’i- s not o cc ur .

.-\ i t ~~~~~ - - . .du t t o ’n a l  n - - a ¼ - .r u n r n t S  i n d i c a t e  t h a t  t h e  ag ed  r e s in  sys tem

~ t t . t i n s  i t s  n r i - , ,i - r  s t r e n iith  i t  it i s  l i t e r  i r t p e r l v  c u r e d , it is t e a r e d  that  t he

~ e I led r e s i n  in ~
- n i ne  r r -  g ion s o~ the case n i  y r a c t u r e  du e t i ’  its b r i t t l e ,

w e a k  s t . it c  as  t h1 -  s t r e s s e s  f r o m  the  - - ~n d i n •~ of t ’ : i t * - r po r t i on  of the case

a rc  to  . ir t e d  t i t .  I !] a n y  . \ e ) t  t , r , - f l . I t t t r e  g e l l i n g  !e .i~ s t o  .i f l ’ ’ n u n i t ( rfl i

d i s t r i b u t i o n  ~ s t  r o n  in t ~r ! i n i s h . - d  •is~- t t i I  i s p r o h . i l ; lv  pa r t l y r e spons ib l e

r the rad ia l  c r .ic ~ in g i- -- i d , -n t  t~~i in I i g .

M F : C~ M \ ! C  \L 11 ~~~ 
(
~ i P F :SIN

As r r n~~r t e d  in t ’ n’ ; ) r I -  i - d t n g  ~,- & t 1 o n , the r e s i n  $ s t e n  gel!. in three
t o  : i L r  d a  ~ it ~O~ I (a n i t n i n t  n-  ot s i x  d a ys  is cu r r en t l y r eq u i r e d  t i  wind

the  a se I . A d d i t i o n a l l  -, • he t en  ie r a t u  r e d u r i n g  w i n d i n g  ma reac h 90 °F .
w h i c h  ~u r t h e  r .i~ c r ,- r at e s  t~~;.’ ge l l in g .  D i amet  r a l  - m t i r - s s i o n . more corn-
m oi l ’,- ~n i ’-a n as t h e  i - r i - i l  t e s t ,  was  ‘n s r r t  as  a s i n ;de  t e c h n i que f o r

dete r~m n i n g  w h e th e r  the  -~c 1.iy ed c u r e  schedule af fec ted  the  mechan ica l
p r op e  r t t c s  of t h e  n e a t  r e s i n .  Also in~ l ’idt- d in t h i ,  m at r i x  was a resin s y s —
t c m in? i in r ig ‘0 ; u -  rc ent \1 DA

- S t a n d a r d  C u r e  Delayed C u r e  Delayed Standard
( i r e  ~ .un nli ’ — —

- Cure • Days i) ays  Cure( i ) n i onen t  a 3 a 4 a

E pon ~~~ t~~’ t-,~’

F R L  4.~O~’ 35 35 35
\

~~ 
~~~~~ S 39. S 25

aParts  by weight
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One - inch-diameter test tubes were used to cast epoxy rod s from -

which 0. 25-in. -thick Brazil test spec imens were cut . As discussed

previousl y ,  the cure cycle used did not include the 10°F/hr rate for tem-

perature changes in the cure cycle ; this overs igh t  resulted in specimens

tha t  exhibited considerable internal  strain when observed under cross
— po l a r i ze r s .  In fact , many of the epoxy rod s we re foun d to have fractured

into halves when removed fr o m  the  oven. All specimens exhibited a hig hly

fractured surface condition , w h i c h  was removed using a lathe pr ior  to
t e s t ing .

The c r i t i c a l  step in the cure cycle is probably the heat ing f rom 140
to 200 F. A p p a r e n t l y .  gellin g has alread y occur red  at 140 F , which leaves

the  res in  qui te  hard , but the f ina l  cure (and final strength) doe s not occur
u n t i l  h i g h e r  t e m p e r a t u r e s  are  reached 420 0 to 280’F .  Rap id heatin g f rom
140 to 200 °F resu l t s  in the m t - i l  s t ress  s u t f i c  lent t o fra cture the one-inch-
d ia f i n i t e  r rods.

The resul ts  of these tes ts  ar e  reported in Table 2. The specimens

labeled PC r c c et v e d  an add i t ional  post- cure of 16 hr  at 280°F prior to
testing t o  det t ’rn i ine  whether  the s tandard cu re  was  adequate.  W ithin the
scat ter  of the data , no si gnificant diffe rences in res in  tensi le  strengt h are
associated with a delay in cure  schedule.

28
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• T a b l e  2 . Diametral  Compression of Neat  Resin

i ,r ou  °ksi,

3 ti . 7

ti .

6. -I 
-

t i  • 4

4 ‘- . 1  “.~~~‘

‘-‘ .4

_ _ _ _ _ _ _ _ _ _ _ _  

_ i 1  5.5

spe c imena re~ c i v e d  a n add it i ona l  cure:
hr at 28Q’~
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IV. CONC LUSIONS AND RECOMMENDATIONS

Optical microscop y demonstrated excessive voids and Inhomog enelties
t h r o u g hout the S R M -I  prot otype case. Much of this  probabl y results f rom
too l i n g  and processin g problems , which should improve as future cases are
wound.

Lack of wett ing .  and consequentl y poor adhesion , between f iber  and
m a t r i x  was demon strated by both optical and scannin g electron microscopy ,
and It appears  to be in t r ins i c  to th i s  pa r t i cu la r  resin system. Thermal
g r a v i m e t r i c  ana l ys is  ind ica ted  that d ry  K evla r  picks  up wa te r  extremely
rapid l y. h o w e v e r , subsequent laboratory work  showed that  water was not

the cause of the poor we t t ing  of thi,  res in  system. Addit ional  investigation
of epoxy re s iri s that  employ eithe r a r an t i d e  or an amine cur ing system as a
m e an s  of improv ing  adhesion should be c a r r i e d  out . There  is evidence that
long,  c y l i nd r i c a l  K ev lar  f i lament-wou n d cases  do not rel y on good adhesion
between fibe r and ma trix; however , these cases are designed with full

kn owled ge of th i s  effect .  In the short IUS ease , the lack of good adhesion
may lead to undesired ef fec ts .

Epon ~Z 8 f F ; R I .  4 �06/MDA epoxy resin is a relat ivel y rigid , low-
s t r a i n - t o - f a i l u r e  m a t r i x .  Consequent l y. optimum u t i l iza t ion  of a high

modulus , l ow-s t r a in - to - f a i lu re  1- ev l a r  fibe r demands that maximum unifor-
m i t y  in stra in in the composite system be achieved during ma n ufacturing.
T h e r e  simpl y is no mechanism for re l iev ing  local strain , other than
i r r eve r s ib le  f rac tu re,  available to the system. Consequentl y . man uf actur-
ing that requires winding t imes longer than the gelling per iod  of the resin
system and man ufacturing that allow s excessive tempe rature excursions
(leading to s t ra in  inhomogeneitles through the composite) cannot produce an
opt imum motor case. Attention should therefore be directed toward winding
the case in a shorte r per iod of tim e or prolonging the potlife of the resin. 
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Addi t iona l ly,  tempe ra ture  must be controlled during winding to minimize

the  inhomogen eit ies  in s t ra in  that  result f rom thermal expansion of the

tooling and K ev i a r  f ibe r dur ing  winding.

S

S
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LABOSATOSY OPE RATIOM

Ta. Laboratory Op.r.ftons .f Tb. A.ro.pa~, Corporation Is coadect*n
e~~.rtm.ataI and tboor.t4r.I veatipoft oss ose...ary for th. .wsl.ati.s and
apphc altos of st ..*Iflc idvanc.. to sos n-Utnsry .ooc.pts .nd syalost.. V.v-
sattitty sad flosibibty ha,, boss d.v.Lop.d to a high d.gr.. by lb. laborstory
p .r.om..l is d..H sg sitU, 11i man y prt.bl •m~ .ncoont,,.d in 1K. nados . rapIdly
dsa.topisg space and misaile eyat. me. £ap.ni,, I. Lb. st..t uc*,ntjft c deasi-
opan.iil . is vItal la sh. sccuvnp*i.htn,ni of a.i. ralat.d to the.. prsblsaea. Tb.

— iab.r.eo~~.. that c osw ribot. to Ku v,..srrh sr.~
A,Vosa. $r ~ tmboratori t LAe*cit s.d r#r ,I ry *.rodynan~~ s. best Irs.. -

f.r. ,-e.st ry phys ics. c~t.,ndcsl b ins i i . .. .Iruttur ~i mechanics, light dy.aaka,
samanph.rsc poUstsas, s.d b$ b’po~sir ~si I... ,..

Cb.mistr~ ..4 PIt~yatcs boP~~~!ia Aftnoeph.r$ c I.act~osU aisd ahnoe-
Db.r ic optic.. i.mlt.i r.a iT~~.~~ij ~flv ,. atv’iespber.., chemical reactions
of .sciI.d spec t,. is racket Dii’ n .. ch.,n*cal th.ra.ody.amlr.. pLasm. and
l~..r-t.dipc,d r.ac$ons. La.., - #Thlatry, pPapuleio~ CIi.in~siI-y. spec. ret-oem
s.d radi.*ioi. .lf,ci. on mM.~~- i. lubrication s.d surfat. ph.*~~nss4, photo.
am~p~u,. material . red s.. . . i*1 h precision i.,.v rsa~l.i, and the appii .
c.tiOn of physic. s.d ~~~~ .i.i in probi .... al ias s.forc.nmi sad biam.dtcin..

£lqn rosi c. *es.. i t -h  l.abors*ory, risci romagesnc th.ory. 4.vic.. . .nd
propagation plt..om. n.. including plasma .Iectro~nagnsti . - qes ost •i.ct roicu,
a..,.. s.d .l.c*ro.optuc.. ~omnu..n,c4t*o. .cI..c .a. applied electroic. . ..,n$.

c oadectin ~. •ap.rc.ad scft,tg. s.d ry atal de ar. p tic.. opttcs* asS
tmsgi.. slanoephari c po$b,ti on t .nIIItmder save sad tar.iofr.r.d tacb.olagy.

MsJgrial~ Science. L b.rato,yt D.v.l.pw.asi of sos msl.ri.l .t matal
instIl l covng Ø.its. sad sos ~avma 01 carb..~ t e l  and .~slustjnn of graphite
and .. r.n.cs in r..*try~ apa-c c rail instorisle and .I.rt ro~~i- can~~~~~~s in
nuc lear weapon. .nvl rnsm.M ipplirsties of trader. machsstrp to air... car.

sad faftg..-indec .d rot-b ra. sirectuisI itWi-Sla .

~~~~ - 
~~~~~~ g ~ ioncei Labsrg~ ry~ Manoephenc and sotsoopheric physic. rails-

~~~~ - - - . - den f~~~ the s~~~~i~~~~ra. ~~~~~~ s.d c~~~~~ eswos of il. son..ph.r., s.r. ~~~and at rglas snn5~atoepb.ric physics. cosleik rays gs.srM*os and propagation
of plasma see. , is th. mag.eto.pbrn ; solar physics, slodi.. .1 solar magssttt
fleld. : spar. act r n.ni,, a. ray aati -..a_..,,; the effect, .1 nuclear eqilesi...,ma_gsosc storm., and .oiar acv vity on the earth’. .eino.ph,r.. i~~~~~t,r.. andnia~a.e..pb.re; the .ffact, of optical. •lecsrnm.gnittc. and palli celats reSts.
fl oss is spar. on spar. sysiani..

THE AE*O~~~ACE COSPOEATLO$
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